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Metal-Modified Nucleobase Sextet: Joining Four Linear Metal Fragments
(trans-a,Pt") and Six Model Nucleobases to an Exceedingly Stable Entity
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Abstract: Crosslinking of three differ-
ent model nucleobases (9-ethyladenine,
9-EtA; 9-ethylguanine, 9-EtGH;
1-methyluracil, 1-MeU) by two linear
trans-a,Pt! (a= NH; or CH;NH,) enti-
ties leads to a flat metal-modified base
triplet, trans,trans-[(NH;),Pt(1-MeU-N3)-
(u-9-EtA-N7,N1)Pt(CH;NH,),(9-EtGH-
NT)]** (4b). Upon hemideprotonation

the metalated nucleobase sextet 5,
[(4b) = (4b-H)]’*. In this dimeric struc-
ture a neutral and an anionic guanine
ligand, which are complementary to
each other, are joined through three H
bonds and additionally by two H bonds

Keywords: hydrogen bonds . mo-
lecular recognition - nucleobases -

between guanine and uracil nucleobases.
Four additional interbase H bonds main-
tain the approximate coplanarity of all
six bases. The two base triplets form an
exceedingly stable entity (Kp=2500+
150 Mm~! in DMSO), which is unprece-
dented in nucleobase chemistry. The
precursor of 4b and several related
complexes are described and their struc-

of the 9-ethylguanine base at the N1

" . . platinum
position, 4b spontaneously dimerizes to

Introduction

Metal ions with a preference for linear or trans-square-planar
coordination geometries such as Hg',ll Ag!?l and Cul'P®l are
among the earliest metal ions studied with regard to their
complex formation properties with DNA, RNA, and homo-
polynucleotides. A major motivation of this past work was to
understand the alterations of physicochemical properties, for
example, UV spectra or viscosity of these macromolecules in
the presence of the above metal ions. Subsequently phenom-
ena such as DNA aggregation and formation of regularly
metalated double-helical, as well as tetrastranded structures
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tures and solution properties are report-
ed.

have become a major focus of interest. X-ray crystallography
of model compounds*® and NMR spectroscopy”! have
greatly assisted in improving our understanding of these
phenomena. Still, no conclusive picture of DNA crosslinking
patterns with these metal ions is available at present. The
enormous interest in the chemistry of cisplatin— DNA inter-
actions following the discovery of its antitumor activity® may
have contributed to this situation.

We have, initially with the aim of modeling DNA cross-
linking reactions brought about by another linear metal entity,
trans-a,Pt" (a=amine or ammine),/” synthesized and struc-
turally characterized a series of bisnucleobase complexes.!']
This work, carried out with kinetically inert Pt species, was
also considered to be relevant to the coordination chemistry
of the aforementioned other linear metal entities, at least as
far as structural aspects are concerned. The simple concept of
replacing hydrogen bonds between nucleobases in a base pair
by linear metal fragments (“metal-modified base pairs”)!!
has subsequently been extended to base triplets and base
quartets.'?l In the course of these studies we observed that
twofold metal coordination to N7 and N1 of purine bases
generates 90° angles between the metal-N vectors,'> ¥ a
feature facilitating formation of regularly shaped, flat nucle-
obase aggregates. Similarly, the 120° angle in dimetalated
pyrimidine nucleobases, for example, between M—N3 and
M—CS5 vectors of cytosine, has been utilized to prepare a
molecular hexagon.'! We could further demonstrate that

0947-6539/01/0709-1968 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9



1968-1980

b

2x Q WQM‘Q

M ;
L LT Y e -
Ila u
molecular \

| recognition |
C—_

pair, triple,

metal modification of self-
| complementarity

Scheme 1. Strategy applied for the synthesis of a platinated nucleobase sextet IIb starting from a metalated nucleobase pair I (see also text). Other ways of

molecular recognition are also indicated.

coordinative metal binding in combination with interbase H
bonding leads to additional variations in the kind of aggre-
gations.> ] ITn a number of cases unexpected H bonding
patterns were observed, such as interguanine triple H bond-
ing,['l a reinforced Watson—Crick pairing scheme between
guanine and cytosine,”> " a new base pairing scheme
between guanine and cytosine,['™™ or H bonding involving
an aromatic proton (HS) of a cytosine nucleobase and an
imino group (N1) of a guanine base.['"®l Mingos and co-workers

Abstract in German: Die Verkniipfung dreier unterschiedli-
cher Modellnucleobasen (9-Ethyladenin, 9-EtA; 9-Ethylgua-
nin, 9-EtGH; 1-Methyluracilat, 1-MeU) iiber zwei lineare
trans-a,Pt!-Einheiten (a = NH; oder CH;NH,) fiihrt zu einem
flachen  metall-modifizierten  Basentriplett,  trans,trans-
[(NH;),Pt(1-MeU-N3)(u-9EtA-N7,N1)Pt(CH;NH,),(9-EtGH-
N7)P* (4b). 4b dimerisiert im Falle einer Hemi-Deprotonie-
rung der Guanin-N1 Position spontan zu einem Nucleobasen-
Sextett 5, [(4b)=(4b-H)]’*. Die beiden Triplett Strukturen
werden hierbei iiber 3 H-Briicken zwischen den komplemen-
tiren Guaninbasen sowie iiber zwei H-Briicken zwischen
jeweils einem Guanin- und einem Uracilliganden verkniipft.
Vier weitere H-Briicken zwischen Guanin und Adenin sowie
zwischen Adenin und Uracil fiihren zu anndhernder Copla-
naritit aller sechs Basen. Die Komplexbildung der beiden
Basentripletts ist mit K, =500+ 150 v~ (DMSO) so hoch wie
in keinem anderen bekannten Nucleobasenassoziat. Im folgen-
den werden ferner die Strukturen und das Losungsverhalten
der Vorstufe von 4b sowie mehrer verwandter Verbindungen
diskutiert.

Chem. Eur. J. 2001, 7, No. 9
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have adopted a similar approach and exploited the directional
interactions of H bonds between metal coordination com-
pounds in studies aimed at crystal engineering.[*")

Herein we report on a nucleobase sextet containing four
trans-a,Pt! fragments and multiple interbase H bonds, which
was built in a stepwise fashion and proved to be exceedingly
stable in solution.

Results and Discussion

Formation strategy: Scheme 1 provides the strategy applied
for the formation of the nucleobase sextet IIb. Starting from
the metalated base pair I, a dimetalated base triplet II was
synthesized. As previously demonstrated for I and II, these
complexes retain the ability of recognizing other bases,
thereby forming metalated forms of base triplets (Ial'-2!)
and base quartets (ITal'’» 1), respectively. On the other hand,
from guanine-containing complexes I and II, self-comple-
mentary species (Ib,l'%] I¢,l'8! and IIb) can be generated upon
semi- or full guanine deprotonation at the N1 position,
followed by dimerization through H bond formation. This
concept can be further extended to fully metalated nucleo-
base quartets (not shown). Outlined below is a description of
the various precursor compounds for the synthesis of the
nucleobase sextet.

Mixed adenine, thymine (uracil) precursors: We have pre-
viously reported the crystal structure of trans-[(NH;),Pt(1-
MeT-N3)(9-MeA-N7)](ClO,) - 2.5H,0 (1a; 1-MeT = 1-meth-
ylthymine; 9-MeA = 9-methyladenine),['!l and now present
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the preparation and structural characterization of three
closely related species, 1b-1d (9-EtA =9-ethyladenine,

trans-[(NHs),Pt(1-MeT-N3)(9-MeA-NT)|(NO,) - 2H,0  1b
trans-[(NH,),Pt(1-MeU-N3)(9-MeA-N7)|(NO,) - 2H,0  1¢
trans-[(NH,),Pt(1-MeU-N3)(9-EtA-N7)|(NO,)- 1.5H,0  1d

1-MeU = 1-methyluracilate). Apart from being precursors of
the type of compounds described below, we were particularly
interested in the association behavior of these compounds in
the solid state and in solution. Having observed the associ-
ation of two trans-[(NH;),Pt(1-MeC-N3)(9-EtG-N7)]" ions
(1-MeC = 1-methylcytosine; 9-EtG =9-ethylgunanine) to
a dimetalated base quartet and specifically formation of
CH --- N hydrogen bonds (Figure 1a),[!8! we reasoned that with

Figure 1. Quartet formation upon dimerization as observed in the crystal
structure of trans-[(NH;),Pt(1-MeC-N3)(9-MeG-N7)]* (a),'®! and as
anticipated for complexes 1a—-1d (b). R =Me, Et, R'=H, Me.

Table 1. Crystallographic data for compounds 1b, 1¢, 1d, 2a, 4a, and 5.

mixed 1-MeT (1-MeU)/9-RA compounds an analogous
association pattern could be realized (Figure 1b; 9-RA =
9-alkyladenine), possibly depending on factors such as
counteranions and water content. We were aware that
CH---N hydrogen bonds are generally rare and weak, and
that there is a difference between the previously observed
case and the one studied here: It refers to the sequence of
donor (D) and acceptor (A) sites in the two compounds, being
AADD in the case of the mixed guaninate, cytosine complex,
yet ADAD in the mixed adenine, thymine (uracil) com-
pounds. To summarize, 1a—1d do not form base quartets of
the type shown in Figure 1b, either in solution ([Ds]DMSO)
or in the solid state. The solubilities of 1a—1d did not permit
solution studies in solvents of poorer H bonding capacities.
Thus, although self-complementary in principle, the AADD
sequence, not unexpectedly is more favorable for interbase H
bond formation, possibly due to secondary electrostatic
interactions.? 221

Details concerning the crystals, the X-ray measurement,
and the refinement of the data are listed in Table 1. Table 2
provides a few selected structural details of the new com-
pounds 1b-1d. All four complexes form an intramolecular
hydrogen bond between the exocyclic amino group N6H, of
the adenine moiety and either O2' or O4’ of the pyrimidine
ligand (Figure 2). This distance is slightly longer than
normally expected in one of the two independent cations of
1a(3.15(1) A, cation 1)['l and in the other thymine compound
1b (3.238(7) A; 3.08(1)-3.09(2) A in 1a (cation 2), 1¢, and
1d). However, in each case it follows a distortion of the

1b 1c 1d 2a 4a 5
formula Ci,HuN,0O,Pt C;1Hp,N, O7Pt C12Hy3N Oy 5Pt CiyHuN O CLPL  CHyguN16020,CliPL  CypHgpN3Oo55ClsPy
formula weight [g mol™!] 615.5 601.48 606.49 1026.99 1345.9 1224.5

colorless blocks
0.39 x 0.37 x 0.20

crystal color and habit
crystal size [mm]

colorless plates
0.25 x0.25x0.19

colorless triangles
0.29 % 0.11 x 0.11

colorless sticks
0.25 % 0.13 x 0.13

colorless blocks
0.50 x 0.18 x 0.13

colorless triangles
0.25 % 0.25 % 0.06

T [K] 293(2) 293(2) 293(2) 293(2) 193(2) 293(2)

2 [A] 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069
crystal system monoclinic triclinic orthorhombic monoclinic monoclinic monoclinic
space group P2/n Pl Pccn C2c P2/c P2lc

a[A] 8.950(2) 9.110(2) 22.486(4) 11.455(2) 12.648(3) 17.212(3)
b [A] 21.641(4) 10.901(2) 25.984(5) 20.392(4) 31.564(6) 17.551(4)
c[A] 11.167(2) 11.099(2) 7.278(1) 26.505(5) 12.188(2) 15.656(3)
a[°] 97.22(3)

A1°] 111.43(3) 108.96(3) 99.35(3) 113.63(3) 114.45(3)
[ 92.09(3)

V [A3] 2013.4(7) 1030.6(3) 4252.4(13) 6109.1(20) 4457.7(15) 4305.4(15)
V4 4 2 8 8 4 4

Peatca [gem ™3] 2.013 1.938 1.895 2.233 2.005 1.889
u(Mog,) [mm~1] 7.028 6.862 6.652 9.479 6.539 6.721
F(000) 1200 584 2360 3904 2624 2366

26 range [°] 43<20<525 6.3<260<483 5.0<20<495 9.2<26<51.3 3.5<20<545 46<20<41.8
reflections collected 4880 2009 12578 10614 17645 8013

reflections independent 4601 (R;,,=0.029) 2009 (R;,,=0.047) 3481 (R;,,=0.087) 5444 (R;,;=0.052) 9423 (R, =0.122) 4389 (R;,,=0.107)
reflections observed 3432 (I>20(1)) 1298 (I >20(1)) 1802 (I >20(1)) 3521 (I>20(1)) 3783 (I>20(1)) 1668 (I >20(1))
refined parameters 284 186 259 389 537 259

extinction coefficient - - - - - 2.4(5) x 10~
R, (obs. data) 0.0353 0.0567 0.0479 0.0306 0.0508 0.0589
wR,! (obs. data) 0.0764 0.1250 0.0877 0.0531 0.0787 0.1164

GoF 1.094 1.095 1.188 1.004 1.068 1.122

[a] R =Z||F,| — | Fe|[/Z] F, | [b] wRy = [Ew(F3 — F2)1Zw(F3)*]".
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Table 2. Comparison of selected bond lengths [A], hydrogen-bond lengths
[A], angles [°], and angles between pyrimidine/adenine planes [°] in the
complexes 1b-d.

1b 1c 1d
Pt—=N7 2.015(5) 2.01(1) 2.01(1)
Pt—N3' 2.018(5) 2.01(1) 1.99(1)
Pt—N10 2.043(5) 2.03(1) 2.011(8)
Pt—N11 2.051(5) 2.04(1) 2.047(8)
N7-Pt-N3' 176.0(2) 173.9(7) 172.7(4)
N10-Pt-N11 179.1(2) 177.3(8) 178.5(3)
N7-Pt-N10 90.9(2) 89.7(5) 91.0(4)
N7-Pt-N11 89.7(2) 90.3(5) 90.0(3)
N3'-Pt-N10 90.0(2) 89.8(9) 88.8(3)
N3'-Pt-N11 89.4(2) 90.4(6) 90.5(3)
Pt-N7-C5 126.5(4) 126(1) 127.2(8)
Pt-N7-C8 128.1(4) 129(1) 129.4(9)
Pt-N3'-C2' 120.6(4) 115(1) 115.7(8)
Pt-N3'-C4' 115.9(6) 122(2) 124.0(9)
NI11---O(pym)®! 2.954(7) 2.96(2) 2.93(1)
N10--- O(pym) - - 2.99(1)
N6--- O(pym)[®! 3.238(7) 3.09(2) 3.08(1)
N10---N1 3.054(8) 3.11(2) 3.24(1)
N11---N1 - - 3.22(1)
N11---N3’ - 3.12(2) -
pym/adenine 6.1(3) 11.2(8) 14.3(2)

[a] Intermolecular H bonds, O2"in 1b, O4' in 1¢ and 1d. [b] Intramolecular
H bonds, O4' in 1b, O2' in 1¢ and 1d.

platinum coordination sphere, that is N7 — Pt — N3’ is always
<180° on the side facing the intramolecular H bond. These
intramolecular hydrogen bonds also have an effect on the
coordination angles at N7 of the adenine and N3’ of the
pyrimidine ligands; those Pt — N7/N3' — C angles facing the
intramolecular N6H,---O2'/4" bond are always significantly
smaller than the ones on the opposite side. The dihedral angle
between the nucleobases is between 4.5° (in one cation of
1a)'" and 14.3(2)° in 1d.

As mentioned above, none of these complexes form a planar
quartet through dimerization. Nevertheless, several other forms
of dimers are formed through hydrogen bonding and stacking,
as shown in Figure 3 for complex 1c¢. The most common
feature found in all four complexes, is that of dimers (type I)
with two complexes connected through two H bonds between
the ammine ligands and O2' or O4’, respectively (lengths of H
bonds between 2.87(1) A (1a), and 2.96(2) A (1¢); see also
Figure 3). This pattern resembles the one described for
transplatinum complexes with two pyrimidine ligands or one
pyrimidine and one 7,9-dimethylguanine moiety,?! although
in these cases four hydrogen bonds are formed as a
consequence of the nature of the ligands. In compounds 1a,
1c, and 1d it is the carbonyl oxygen not involved in the

Figure 2. Cations of the complexes 1b (left), 1¢ (center), and 1d (right) together with their atomic numbering schemes. Anions and water molecules found in
the crystal structure are omitted for clarity. The ellipsoids are drawn at 50 % probability.

I

Chem. Eur. J. 2001, 7, No. 9

I

Figure 3. Dimers of types I, II, and III found in the crystal structure of compound 1¢ (see text for details).
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intramolecular bond with N6H,, which forms this contact to
the adjacent complex, whereas in 1b O4' is involved in both
the intra- and the intermolecular hydrogen bond.

Another pattern of dimerization involves two hydrogen
bonds between an ammine group of the transplatinum centers
and either N3 (type II) or N1 (type III) of the adenine
moieties (Figure 3). All hydrogen bonds involved in these
patterns are between 3.00(1) (1a) and 3.24(1) A (1d). A
dimer of type II (NHj;---N3) is only found in compound 1e,
whereas dimers of type III (NH;---N1) are formed between
cations of 1b, 1¢, and 1d. Compound 1a adopts a mixed
conformation, dimerizing through a NH;-+-N3 (3.00(1) A) as
well as a NH;--- N1 hydrogen bond (3.18(1) A). In addition,
dimer formation is reinforced by a stacking interaction
(33 A) between the two adenine moieties. This stacking
interaction is very similar to the one found in type II of 1¢
(Figure 3) or type III of 1d. In 1b, stacking is observed
between the adenine moiety and the nitrate anion (3.2 A).

Concentration-dependent 'H NMR measurements have
been performed in [D¢]DMSO solution with 1b, 1¢, and 1d.
Despite the fact that all complexes carry an overall charge of
+1 (as in the case of trans-[(NH;),Pt(1-MeC-N3)(9-EtG-
NT)]")8 and two of them have an aromatic H5' proton (and
not a methyl group), none displays a concentration depen-
dence of any proton resonance. Hence no evidence for a
quartet association in solution could be detected.

In [D¢]DMSO a singlet for C51'Hj; in 1b, or a doublet for
HS5' in 1¢ and 1d, respectively, is observed. In contrast, in D,O
the HS' resonances are doubled (0 =5.76, Ad = 0.02) suggest-
ing the existence of two uracil rotamers. Water, being a proton
donor as well as an acceptor, can form hydrogen bonds
simultaneously to the amino group of adenine and to O2’ (or
04') of uracil/thymine. As a consequence, rotation of 1-MeU
about the Pt—N3’ bond is expected to be slower. In contrast,
DMSO acts only as a proton acceptor and consequently can
only bind to N6H,. Thus, DMSO is expected not to stabilize a
particular rotamer and base rotation will therefore be less
hindered than in water. Consequently, if rotation is fast on the
NMR time scale only an averaged signal in the 'H NMR
spectrum is observed. It is feasible that such a rotation will be
a handicap for dimerization.

In the Pt NMR spectra of complexes 1¢ and 1d, no
doubling of the resonance is observed. This is not surprising
because the chemical environment of the Pt center does not
change with the rotation of the uracil ligand about the Pt—N3’
bond. However, there have been cases where distinctly
different signals due to rotamers have been observed.?

Intermediate complexes: Complexes 1b and 1d were allowed
to react with an excess of trans-[(CH;NH,),PtCl,] to give 2a
and 2b in 75 and 61 % yield, respectively. Crystals of 2a
suitable for X-ray structure determination were obtained by
recrystallization from water and slow evaporation at room
temperature.

trans,trans-[ (NH;),Pt(1-MeT-N3)(u-9-Me A-N7,N1)Pt(NH,CH,),Cl]|
(C10,),-2H,0 2a

trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CH;),Cl]
(C10,),-3H,0 2b

1972
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Complex 2a crystallizes in the space group C2/c (Table 1).
X-ray crystallography reveals one water molecule spread over
two positions with occupancies of 75 and 25 %, respectively.
Selected bond lengths and angles are listed in Table 3. The

Table 3. Comparison of selected bond lengths [A], hydrogen bonds [A],
dihedral angles [°], and angles between different nucleobase/nucleobase
planes [°] in the crystal structures of complexes 2a, 4a, and 5.

2a 4a 5

Pt1-N3' 2.016(5) 2.013(7) 2.03(2)
Pt1-N7 2.001(5) 2.028(8) 2.01(2)
Pt2—N1 2.028(5) 2.041(8) 2.02(2)
Pt2—-N7gll 2.293(2) 2.009(8) 1.94(2)
N6--- 02'/04'] 2.883(7) 3.13(1) 3.35(3)
Noéa--- O6g - 3.019(9) 3.17(2)
N7-Pt1-N3' 171.7(2) 173.3(8) 176.9(9)
N1-Pt2-N7gl?) 178.9(2) 172.9(3) 176.6(9)
Pt1-N3'-C2 114.8(5) 120.6(7) 119(3)
Pt1-N3'-C4’ 124.0(5) 114.9(7) 121(2)
Pt1-N7-C5 122.3(4) 126.3(6) 125(2)
Pt1-N7-C8 132.1(4) 127.8(8) 128(2)
Pt2-N1-C2 117.5(4) 119.7(7) 119(2)
Pt2-N1-Co6 122.3(4) 118.5(6) 121(2)
Pt2-N7g-C5¢g - 121.4(7) 127(2)
Pt2-N7g-C8g - 133.2(7) 132(2)
pym/A 11.9(2) 17.0(4) 7.6(9)
AIG - 17.4(3) 10.4(6)
pym/G - 34.2(4) 3(1)

[a] In case of complex 2a this bond length refers to Pt2—Cl and the angle to
N1-Pt2-Cl. [b] O2' or O4’ in 2a and 5, O4' in 4a.

cations are connected through intermolecular hydrogen
bonds between O4' and one of the amine groups of the
monochloroplatinum center (2.805(7) A) to form infinite
chains as shown in Figure 4. A short intramolecular hydrogen

Figure 4. Two cations of 2a together with their atomic numbering scheme
and some intra- and intermolecular hydrogen bonds. Anions and water
molecules are omitted for clarity.

bond between O2' of thymine and N6H, of adenine
(2.883(7) A) correlates to an angle of 171.7(2)° for N3'-Ptl-
N7, which is noticeably smaller than the ideal angle of 180°.
Since no such intramolecular hydrogen bond can be formed at
the second platinum center (Pt2), the angle at this site is
virtually undistorted (179.5(2)°). A further consequence of
this intramolecular hydrogen bond is the reduction of external
ring angles at the platinum coordination sites of thymine-N3’
(Pt1-N3'-C2"  114.8(5)°) and adenine-N7 (Pt1-N7-C5
122.3(4)°) facing the hydrogen bond, whereas the bond angles

0947-6539/01/0709-1972 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 9
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at the outer side increase (Pt1-N3'-C4’ 124.0(5)° and Pt1-N7-
C8 132.1(4)°).

Owing to the described distortion at the N7 coordination
site of the adenine moiety, the angle formed between the two
platinum vectors N1—Pt2 and Pt1—N7 at the adenine is only
82.8(8)°. It is thus significantly smaller than the corresponding
angle in the diplatinated cation {trans-[(CH;NH,),PtCl],(u-9-
MeA-N1,N7)}?* (87.9(4)°),l> where the thymine ligand in 2a
is replaced by a chloro ligand.

It was not possible to unambiguously determine which
rotational isomer of the thymine ligand is preferred in the
solid state, that is, whether O2' or O4' forms the intra-
molecular hydrogen bond with N6H,. This is due to the
pseudo-twofold axis through N3’ and C6’ of the thymine base
and the very similar chemical environments of the C5-CH;
and the N1'-CH; groups, which makes a differentiation of C5’
and N1’ difficult. Both rotamers have been refined but gave
identical R values and similar atomic displacement factors for
N1" and C5', respectively. Therefore it is quite possible that in
the solid state both rotamers are present in a 1:1 ratio. We
note that even with the unplatinated Hoogsteen pair between
9-ethyladenine and 1-methythymine a similar disorder occurs,
leading to the reversed Hoogsteen pair.?!

Solution studies of 2a and 2b: As previously observed for
complexes 1¢ and 1d, the 'H NMR spectra of 2a and 2b in
D,O indicate hindered rotation of the pyrimidine moiety
around the Pt1—N3’ bond, suggesting the existence of the
intramolecular hydrogen bond between 02'/0O4’ and N6H,, or
again simultaneous H binding of a water molecule to O2'/0O4'
and N6H,. Thus, resonances of the N1'-CH; and H5" or C5'-
CH;, respectively, are both split in a 6:4 ratio, differing by
about 0.03ppm (2a) or 0.04 ppm (2b). All the other
resonances, that is, especially H6" of the pyrimidine ligand,
but also all of the adenine protons, show no doubling. Again,
as for complexes 1b—-1d, no indication for rotamers can be
observed in DMSO solution.

In all solvents used (D,O, [D,]DMF, and [D4]DMSO), the
1%5Pt NMR spectra of 2a and 2b unexpectedly showed only a
single broad peak at 6 =—2470 (2a) or —2461 (2b). In
[D¢]DMSO, however, a second peak evolved within an hour at
0=-3169 (2a) (0 = —3173; 2b) (Figure 5). The reaction was
complete after twelve hours. The latter resonance is assigned
to 3b . [dienPt(9-EtGH-N7)]** was used as platinum refer-
ence (0 =—2765).

trans trans-[ (NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHj;),
(DMSO)J* 3b

It is difficult to be sure whether the peak at 6 = —2461
diminishes during the reaction, that is, if the two platinum
resonances in 2b are really superimposed by coincidence.
Alternatively, there could be a broadening of the Pt2
resonance in 2a or 2b due to rapid relaxation.?®! Support in
favor of the first explanation comes from a comparison of '*>Pt
chemical shifts of 1¢ (PtN, coordination sphere) and trans-
[(NH;),Pt(7,9-DimeG-N1)CI]" (PtN;CI coordination sphere):
Both shifts are remarkably similar; 6 =—2466 (1¢) and
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Figure 5. Time course of the chloro ligand exchange in 2b by a solvent
molecule, giving 3b, as seen in Pt NMR spectra in [Dg]DMSO. The
standard refers to the signal of [dienPt(9-EtGH-N7)]** (6 = —2765).

—2458. Hence, substitution of a negatively charged chloro
ligand by a N3’ deprotonated pyrimidine ligand appears not to
have much effect on the Pt resonance. In contrast, Pt
centers with four neutral ligands are normally found at higher
field.?"]

Complex 2a behaves identically with respect to the Pt
NMR spectra and the exchange of the chloro ligand by a
[D¢]DMSO solvent molecule to give the cation 3a.

trans,trans-[(NH;),Pt(1-MeT-N3)(u-9-Me A-N7,N1)Pt(NH,CHj;),
(DMSO) P+ 3a

In the '"H NMR spectra, all the chemical shifts change
dramatically upon replacing the chloro ligand by a DMSO
molecule. For example, in complexes 3a and 3b, the
resonances of the CH;NH, group at Pt2 are both shifted
downfield by about 0.15 ppm (NH,) and 0.25 ppm (CHs)
compared to the chloro species. All other resonances are
shifted to higher field. It is not surprising that the aromatic
protons of the adenine moiety H2 and HS are affected most,
by 0.33 and 0.48 ppm in 3a and 0.35 and 0.54 ppm in 3b,
respectively. The aliphatic protons and the protons of the
pyrimidine ligand are shifted upfield in both DMSO com-
plexes between 0.09 and 0.04 ppm (for the detailed chemical
shifts of all species see Experimental Section).

Platinated nucleobase triplet: Reaction of the bisnucleobase
complexes 2a and 2b with 9-EtGH yielded 4a and 4b. The
latter could only be obtained in acidic solution and could not
be isolated, as always the hemideprotonated sextet 5 formed.

trans,trans-[(NH;),Pt(1-MeT-N3)(u-9-MeA-N7,N1)Pt(NH,CHj;),
(9-EtGH-NT)|(C10,);-52H,0  4a

trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHj;),
(9-EtGH-NT)[*  4b

{trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHs;),
(9-EtGH,-N7)|(CIO,),5s- 125 H,0), 5
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Crystals of 4a suitable for X-ray crystallography were
obtained upon recrystallization from aqueous solution and
slow evaporation at 4°C. Complex 4a crystallized in the space
group P2,/c (see Table1 for further details) with three
perchlorate anions and 5.2 water molecules, of which four
positions are fully occupied and the remaining 1.2 water
molecules are distributed over three positions with occupancy
factors of 0.6, 0.4, and 0.2. A view of the cation is shown in
Figure 6 and a selection of the most important bond lengths,

Figure 6. Cation of 4a together with its atomic numbering scheme. The
anions are omitted for clarity. The ellipsoids are drawn at 50 % probability.

angles and hydrogen bonds is listed in Table 3. Both Pt!
centers have an approximately square planar geometry with
Pt—N bond lengths in the normal range (2.009(8)-
2.055(8) A).

As discussed previously for complex 2a, both possible
rotamers have been refined and the one giving the better R
values and the more reasonable displacement factors for N1’
and C5 was accepted. In this case O4' is involved in
intramolecular hydrogen bonding with the exocyclic amino
group of the adenine ligand (3.13(1) A), very much as in the
thymine-containing complex 1b, yet in contrast to 1¢ and 1d,
where O2' forms this hydrogen bond (in 2a it can either be
02" or O4’). Although this hydrogen bond is longer in 4a than
in the three complexes just mentioned, its existence is
corroborated by the geometry about Ptl (N3'-Ptl-N7
173.8(3)°; Pt1-N3'-C4' 114.9(7)°; Pt1-N3'-C2’' 120.6(7)°). On
the other hand, the opposite angles at the adenine moiety Pt1-
N7a-C5a (126.3(6)°) and Pt1-N7a-C8a (127.8(8)°) are identi-
cal within the error limits.

As can be seen in Figure 6, the exocyclic amino group of the
adenine moiety is involved in a second intramolecular hydro-
gen bond with O6g of 9-ethylguanine (3.019(9) A). This H
bond also leads to a distortion at the platinum center involved
(N7g-Pt2-Nla (172.9(3)°). Again the angles at the coordinat-
ing Nla position of adenine are identical within the error
limits (Pt2-Nl1a-C2a 119.7(7)° and Pt2-Nla-C6a 118.5(6)°)
and thus do not contribute to the shortening of this hydrogen
bond. In contrast, the angle Pt2-N7g-C5g in the guanine
moiety that faces the intramolecular H bond, is significantly
smaller (121.4(7)°) than the one on the opposite site (Pt2-N7g-
C8g 133.2(7)°).

1974
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The N1,N7-diplatinated adenine ligand forms a corner
angle of 83.0(3)° which is about the same as found in 2a
(82.8(1)°). This is in good agreement with various quartet
structures, which consist of adenine and guanine nucleobases
and trans-a,Pt?>* units, where angles are between 80.8(4)° and
91.6(4)°.'%1 The X-ray structure of the related nucleobase
quartet {trans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)-
Pt(CH;NH,),(9-EtGH-N7)=(1-MeC)]},[1-MeC=1-MeCHJ-
(Cl0,),45(NOs),5-8.7H,0 with two independent quartet
structures reveals angles of 82.5(6)° and 86.2(9)°.['"2

Two cations of 4a interact through head-to-tail stacking of
two 9-ethylguanines (3.36 A apart; Figure 7 top). The two
bases are exactly parallel since they are related by an

Figure 7. Head-to-tail stacking of two 9-ethylguanine ligands as observed
in the solid-state structure of 4a. View from the top (top) and from the side
(bottom). The cations adopt the shape of a shallow bowl.

inversion center between the two nucleobase planes. This
stacking interaction is the only contact between two neigh-
boring cations, so no direct hydrogen bonding is observed. All
donor and acceptor sites of the complexes, especially the
different am(m)ine groups at the Pt" centers and NH, of
9-EtGH, are occupied by water molecules and oxygen atoms
of the perchlorate anions. All hydrogen bond lengths are
within the normal range (2.86(1)-3.25(1) A), although one
between a water molecule and the N1H of 9-ethylguanine is
markedly shorter (2.75(1) A).

Figure 7 also shows that the nucleobase triplet is not planar;
both angles between the guanine and adenine planes and
between the adenine and the thymine planes are in the same
order (17.4(3)° and 17.0(4)°) and orientated in the same
direction. Thus, the angle between 9-EtGH and 1-MeT adds
up to 34.2(4)°, providing the impression of a shallow bowl
formed by the base triplet.

Solution studies of 4a and 4b: Whereas NMR investigations
of 4b have been performed in D,O only, 4a has also been
examined in [Dg]DMSO. To ensure full deuteration of the
guanine N1 position, all NMR spectra in D,0O have been
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recorded at slightly acidic pH. Assignments of H8 of 9-EtGH
and H8 and H2 of the adenine ligand as well as of the two
platinum resonances in each of the two complexes have been
achieved by 'H/'*Pt HMQC experiments.

Concerning the rotation of the pyrimidine ligand about the
Pt1 - N3’ axis, both complexes 4a and 4b behave as discussed
above for 1a—1d. In D,0 a doubling of the alkyl resonances
at the C1’ and C5 positions is observed, whereas in
[D¢]DMSO only a single set of signals is seen (see above).

The hydrogen bonding behavior of 4a towards 1-methyl-
cytosine in [D¢]DMSO and the determination of the stability
constant of the resulting quartet (through concentration-
dependent chemical shift measurements), where the cytosine
moiety is bound in a Watson - Crick fashion to the guanine
ligand, have been published earlier.?®!

Determination of pK, values: The pK, values of complexes
1c, 4a, and 4b have been determined by using pH-dependent
'H NMR measurements in D,O (20°C; I=0.1 M, NaNO,).
In the pH range from 2 to 12, the pD-dependent chemical
shift measurements of complex 1¢ show only one acid-base
equilibrium, which refers to the protonation of the N1 site of
the adenine ligand (Figure 8a). The resonances of the uracil
moiety are virtually unaffected by the change in pH, thus
ruling out any acid —base equilibria involving this ligand.

a)
9.0

&/ppm
oo
~J

8 10 12 14

pD

Figure 8. a) pH-dependent chemical shifts of complex 1¢ in D,O in the pD
range from 1 to 12. The resonances H2 (v), H8 (m) and CH; (A) of the
adenine residue are shown (from top to bottom); b) pD-dependent
chemical shifts of H2 from 9-EtA (¥) and H8 from 9-EtGH (e) of 4b in
the pD range from 4 to 14.

o
o~
=N

The changes in chemical shifts of all non-exchangeable
protons of the adenine resonances were evaluated with a
nonlinear least-squares fit after Newton — Gauss?® ) to give
three pK,* values which hold for a D,O solution (Table 4).

Chem. Eur. J. 2001, 7, No. 9
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Table 4. Chemical shifts of the 9-methyladenine protons for the NI-
protonated (dyyy) and deprotonated forms (Jy,) of 1e¢ as determined in
D,0 (20°C; I=0.1m, NaNOs;) from the experiment shown in Figure 8.2

OxpH Onp Ao, pK.*

ppm
H2 8.961+0.003  8.639+0.001 0.322+0.003  2.697 +£0.015
HS8 8.634+0.004  8.367 +0.001 0.267 +0.004  2.681 +0.017
C91H;  4.035+0.004  3.9294+0.001 0.106 £0.004  2.689 +0.019

[a] The individual results pK,* of the different evaluated protons for the
deprotonation of NlaH* are given with one standard deviation (10). The
chemical shifts were calculated by using the final pK, j,o value. The error
ranges given with the calculated shifts are twice the standard deviation
(20). The shift differences Ad, resulting from the increasing deprotonation
of the species are also listed: Ad; = np — Onp-

From these, the weighted mean was calculated to give
PK.p,0=2.69+£0.02 (30). This value was transformed to
aqueous solution®! to give the final result of pK, y,0 =2.21+
0.02. The error corresponds to three times the standard
deviation. The calculated shifts of the protonated/depro-
tonated forms of 1c¢ are listed in Table 4.

As the adenine N1 position is platinated in both triplets 4a
and 4b, no acid-base equilibria can be observed for this
position. However, two deprotonation processes are expected
in the pH range from 0 to 14: deprotonation of the guanine N1
position at pH~ 8 and deprotonation of the N6H, group of
the adenine ligand in more alkaline medium. Changes in
chemical shifts of all CH protons in the complexes due to the
change in pD were evaluated as mentioned above using an
equation which takes both equilibria into account.l?® 2! The
determination of the acidity constants of complex 4a has been
described®® and 4b was treated accordingly. The chemical
shifts of all non-exchangeable protons of the adenine and the
guanine moieties could be evaluated, although H8 of 9-EtA
disappeared at pD values greater than 12.2 due to isotopic
exchange for deuterium atoms from the solvent, resulting in a
smaller pD range for calculating the pK, values than for the
other protons. As examples, the chemical shifts of H2 of
9-EtA and HS of the guanine ligand in 4b are displayed in
Figure 8b. The calculated individual acidity constants (pK,*)
for each proton are listed in Table 5. The corresponding
chemical shifts of all protons evaluated in 4b are listed in
Table 6.

Table 5. Calculated negative logarithms of the individual acidity constants
pK,g* (for the deprotonation of N1gH) and pK, ,* (for the deprotonation
of N6aH,) for the complex 4b as determined in D,O (20°C, I=0.1Mm,
NaNO;, see also Figure 8). All errors correspond to one standard deviation

(10).

pK.c* pKaa*
A-H2 8.64 +0.59 12.63 +£0.013
A-HS8 8.45+0.27 12.65 +0.017
A-C91H, 8.87+0.25 12.61 £0.015
A —-C92H; 9.36 £0.59 12.63 +0.018
G-H8 8.61+£0.02 12.70 £ 0.358
G-C91H, 8.59+0.03 12.52+£0.042
G-C92H; 8.70 £0.05 12.68 +0.105
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Table 6. Chemical shifts of the protons for the undeprotonated, monodeprotonated, and twofold deprotonated
forms of 4b as determined in D,0O (20°C; I =0.1m, NaNOj, see also Figure 8).1%

tion of the uracil ligand is found
(65:35). The rotamer with N1'-

Oom, Onon Onp Ad, Ad, CH; pointing outwards is the

ppm dominant one. Due to the two
A-H2 9.007 +0.002 8.997 +0.002 8.431 +0.004 0.010+0.003 0ss6o004 ntramolecular hydrogen bonds
A-H8 8.917 £0.001 8.903 0.001 8.418+0.007 0.014 £0.001 0.485+0007 ~ Present 1n each nucleobase
A—C91H, 4.448 £0.001 4.439 £0.001 4239 £0.002 0.009 £ 0.001 020040003  triplet (04 ---Né6a, 3.35(3) A;
A—C92H, 1.562 £ 0.001 1.560 £ 0.001 1.481 +0.001 0.002 £0.001 00790001  Néa-- O6g, 3.17(2) A) the plat-
G-H8 8.569 £ 0.001 8.373 £0.001 8.386 = 0.002 0.196 £0.001 ~0013£0003  jyum coordination spheres are
G- C91H, 4247 £0.001 4210 £0.001 4.181£0.001 0.037 £0.001 00290001 o i h
G-C92H, 1.511 £0.001 1.496 + 0.001 1.480 £ 0.002 0.015 £0.001 0.016 £ 0.003 istorted square  planar wi

[a] The chemical shifts were calculated by using the final pK, o values. The error limits given correspond to two
times the standard deviation (20). The shift differences Ad, resulting from the increasing deprotonation of the

species are also listed: Ad; = Onprz — Onprs A2 = Onpr — Onp-

From the pK,* values the weighted means were taken to
give the acidity constants valid for D,O solution (pK,gp,0 =
8.61£0.08 (30), pK, am,0=12.62+£0.03 (30)). These values
were then transformed to the pK, values valid for water:>"
PK. 6o =8.04£0.08 (30), pK, am,0 =11.9940.03 (30). Both
values are very similar to those of complex 4a: pK, gm,0=
8.33+0.09 (30) and pK, om0 =12.06£0.10 (30).*"

With respect to the monoplatinated guanine moieties the
acidification of the N1H position by the N7-coordinated Pt!
unit can be determined by comparing the results obtained
with the pK, value of free 9-EtGH (pK, = 9.54 +0.08):*]

for 4a: ApK, = (9.54+0.08) — (8.33 £0.09) =121 +0.12
for 4b: ApK, = (9.54 +0.08) — (8.04 4+ 0.08) = 1.50 £ 0.11

Both ApK, values are close to data found in the literature
for other platinated guanine compounds.?!

The values for the deprotonation of the exocyclic N6H,
groups of the adenine ligands are identical within their error
limits in both complexes. Compared with the value for free
9-MeA (pK,=16.7), the acidification is very pronounced
and amounts to ApK,=16.7—12.0 (av of 4a and 4b)=4.7.
This result is not surprising, since the adenine nucleobase is
bound to two Pt** centers that have electron-withdrawing
effects.

Platinated nucleobase sextet: Recrystallization of 5 from
water with an excess of perchlorate gave crystals suitable for
X-ray crystallography. The asymmetric unit contains one
formula unit of the diplatinated nucleobase triplet trans,trans-
[(NH;),Pt(1-MeU-N3)(u-9-EtA-N7,N1)Pt(NH,CHj;),(9-
EtGH,5-N7)](ClO,),s- 1.25H,0; upon dimerization a nucle-
obase sextet is formed containing a homoguanine/guaninate
basepair as shown in Figure 9. The atoms of the half-occupied
perchlorate molecule are found on general positions and the
1.25 water molecules are distributed over three positions with
occupancy factors of 50, 50, and 25%. For further details
regarding structure and refinement see Table 1 and for some
selected bond lengths and angles as well as their comparison
with complexes 2a and 4a see Table 3.

As observed in the complexes described above, also in this
structure a mixture of two rotamers concerning the orienta-

1976 ——
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angles N7a-Pt1-N3’' and Nla-
Pt2-N7g of 176.6(9)° and
176.9(9)° (see also Table 3).

In addition to these four
intramolecular hydrogen
bonds, five intermolecular H
bonds holding the two triplets together are found. Three are
between the two 9-ethylguanine bases. Two of these are
between O6g and N2g (2.78(4) A) and one is between the
Nlg---Nlg atoms (2.90(5) A). Each amino group of the
9-EtGH, 5 ligands undergoes additional hydrogen bonding

a)

Figure 9. Top (a) and side (b) view of two diplatinated nucleobase triplets,
which are hemideprotonated at the guanine N1 position forming the
tetraplatinated nucleobase sextet 5 with the atomic numbering scheme.
Hydrogen bonds are indicated by dashed, and longer contacts by dotted
lines. The water molecules and the anions are omitted for clarity.

(3.01(4) A) with the nearby exocyclic carbonyl oxygen atoms
of the uracil bases (O4 or O2', respectively), thereby
reinforcing the linkage between the two cations. A further
contact between the two triplets is formed between N3g and
C1’H3 of the minor rotamer (2.9(1) A).

Contacts between two sextets are formed through two
hydrogen bonds around an inversion center involving the
amine ligands and N3a of the adenine moieties (3.12(2) A,
Figure 10). In this way infinite chains of sextets are formed
within the crystal.
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The sextet is almost planar, as depicted in Figure 9b. The
two 9-EtGH,s nucleobases are coplanar and the angles
between the 9-EtGH, 5/9-EtA and 9-EtA/1-MeU nucleobases
are 10.4(6)° and 7.6(9)°, respectively. The 9-EtGH, s and the
1-MeU ligands are almost parallel (3(1)°), even though they
are not coplanar.

a)

b)

Figure 10. Dimerization of cations of § around an inversion center through
two hydrogen bonds between amine ligands and N3 of the adenine
moieties. Views from the top (a) and from the side (b).

Two related sextet structures have been published recent-
ly;3 both consist of a diplatinated 9-methyladenine moiety
and two 9-methylguanine or 9-methylhypoxanthine ligands,
respectively. Dimerization of two triplets is in both cases
accomplished through two hydrogen bonds between two
hypoxanthine or guanine moieties as well as base stacking.
Since the guanines are not deprotonated, the sextets are not
planar.

The same triplet which leads to 5 also gives rise to a
nucleobase quartet upon hydrogen bonding formation with
1-methylcytosine in the solid state as well as in solution.!7% 28]

Solution studies of 5: NOESY experiments in [D;]DMF have
been carried out in order to prove the sextet formation in
solution. Indeed a NOE is found between H6' of the uracil and
the ethyl groups of the guanine ligands (data not shown)
which clearly indicates the dimerization.

It was also attempted to determine the association constant
of the dimerization of the two hemideprotonated triplets to
give 5 through concentration-dependent chemical shift meas-
urements in [D4]DMSO in analogy to the procedure described
in the literature,'® where the dimerization of trans-
[(NH;),Pt(1-MeC-N3)(9-EtG-N7)]* has been examined. Un-
fortunately the obtained data set allowed only a rough
estimation of the association constant, as the N1gH resonance
was too broad to be detected and evaluated, and the
resonances of N2gH, of 9-EtGH,s and H6' of the uracil
ligand are superimposed. Nevertheless, both resonances dis-
play concentration-dependent chemical shifts. Surprisingly,

Chem. Eur. J. 2001, 7, No. 9
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the resonance of one of the protons of the adenine N6aH,
group showed the most pronounced dependence in concen-
tration as can be seen from Figure 11, though this proton is

10.4 4
10.3 1
10.2 1

10.1 -L

&/ppm

7.8 A
7.7 4

6y ' )

7.5 T T T T T

Figure 11. Concentration dependence of the chemical shifts of 5 in
[Dg]DMSO in the concentration range 0—55 mM. The data from top to
bottom correspond to one proton of N6H, (m) and the resonances of N2H,
of 9-EtGH, 5 and H6' of 1-MeU (@) which are superimposed. The curve
corresponds to the fitl?] of the data with the estimated K, =500 M~! (6,=
10.305 and 7.586; o, = 10.006 and 7.685).

not directly involved in the intermolecular hydrogen bonding.
Furthermore, this proton is shifted upfield with increasing
concentrations, thus showing exactly the opposite behavior
one normally observes with the intermolecular association of
molecules through hydrogen bonding.?!l However, this find-
ing can be rationalized in the following way: Upon dimeriza-
tion of hemideprotonated 4b to the sextet 5, O6g of the
9-EtGH ;s ligand will be increasingly involved in intermolec-
ular hydrogen bonding with N2gH, of the opposite guanine
moiety. Consequently, the intramolecular hydrogen bond to
N6aH,! of 9-EtA is weakened and this proton should then
experience an upfield shift as is experimentally confirmed.
Comparison of H bond lengths between N6aH, and O6g in
the solid state indeed reveals that hemideprotonation of
guanine leads to a significant increase, from 3.019(9) Ain 4b
to 3.17(2) A in 5 (Table 3). The second proton, N6aH,?, is
almost unaffected by the change in concentration, thus it can
be concluded that it points towards the O2'/0O4’ carbonyl
oxygen of 1-MeU, as: 1) this hydrogen bond has been shown
to be nonexistent in the precursor compounds in [Dg]DMSO
solution (see above) and 2) in the crystal structure of 5, this
distance is even longer (3.35(3) A) than in the precursor
complexes (see Table 2 and Table 3). This concentration-
dependent splitting of the resonances of N6aH, closely
resembles that of N4'H, of the 1-MeC ligand in the dimeriza-
tion of trans-[(NH;),Pt(1-MeC-N3)(9-EtG-N7)]* .8
Evaluation of the chemical shifts of N2gH, and N6aH, did
not lead to unequivocal results, that is the values obtained for
K carried a very large error, as the shift differences are small
due to the high stability of 5. This means that the formation
degree of 5 is large under the given experimental conditions
(low concentrations). Hence, it was decided to vary Kj
systematically in the range of 200 to 800 m~! and to see which
of the values fitted the experimental data points in a
reasonable way. It turned out that a very satisfactory fit of
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both data series is obtained with K, =500wm"! (Figure 11).
Fits with values of 350 and 650 M~! were considerably less
satisfactory. Hence, the association constant K, of dimer 5
was estimated to be Kp=500+150 M~

However, despite the fact that only a rough estimate for Ky,
could be obtained, it is clear that dimerization of hemi-
deprotonated 4b through five intermolecular hydrogen bonds
gives rise to a rather stable dimeric adduct in [D4]DMSO.
Indeed, comparison of K=500+150m"! with the value
determined for the dimerization of trans-[(NH,),Pt(1-MeC-
N3)(9-EtG-NT7)|* (Kp=44.1+£32M! (20)), which is stabi-
lized through four hydrogen bonds, and with those for the
association of several platinated and non-platinated guanine
derivatives with 1-MeC in a Watson—-Crick type fashion
through three hydrogen bonds in the same solvent (Kgc
between 6.9+ 1.3 M7 ! and 22+ 10 M~ (20)),*¥) demonstrates
nicely the interrelation between the stability of the adducts
and the number of hydrogen bonds involved in their
formation.

Finally, the fact that only the hemideprotonated sextet §
and not the triplet 4b could be isolated from aqueous solution
even at pH 4 (i.e., a pH where N1 of 9-EtGH is expected to be
fully protonated) shows, that this entity is exceedingly stable.

Conclusion

Higher order architecture beyond duplex formation is an
emerging feature of nucleic acid chemistry.?* Thus in addition
to the well-known guanine quartets (G,) present in telomeric
DNA sequences,™ numerous other multistranded nucleic
acid structures with nucleobase triplets,?® quartets,?”) and
sextetsP®! have been discovered in recent years. In a number of
cases the pivotal role of alkali metal ions in stabilizing such
structures has been clearly established.’™ The nature of the
alkali metal ion may even influence the way base pairs
interact, thus behaving as a conformational switch.*Y More-
over, the specific folding of DNA aptamers in the presence of
K+ is believed to generate defined architectures responsible
for inhibition of crucial HIV enzymes.[*!]

Transition metal ions with their ability for coordinative
bond formation and hence crosslinking of nucleobases are
likewise expected to produce ordered multistranded oligonu-
cleotide structures, although this phenomenon has been
studied in the case of Ag* ions only.”?l Our studies with
complexes of model nucleobases and linear trans-diam(m)ine-
platinum(i1) entities strongly suggest that, in principle, any
metal ion with a linear coordination geometry might be
capable of producing regular multistranded structures. In
addition, if nucleobase deprotonation occurs, as reported for
oligonucleotides in the presence of Ag' and Hg!, for
example,l2] rather robust aggregates are expected to be
formed. Moreover, it is expected that interbase H bond
formation will be influenced. Here we have synthesized and
characterized a number of complexes, consisting of an
adenine and a pyrimidine ligand each, crosslinked by a linear
trans-a,Pt! moiety, which were potential candidates for
dimerization and thus quartet formation. Subsequent addition
of a trans-a,Pt! entity and guanine ligand as a third

1978

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

nucleobase led to two different triplet structures, which were
again studied by X-ray crystallography and whose pK, values
were determined by NMR spectroscopy. We have demon-
strated that one of these nucleobase triplets associates
through a hemideprotonated guanine pair to form an
extremely stable platinated sextet, which by far exceeds all
known nucleobase H bonding patters in strength.

Experimental Section

Materials: trans-[(NH;),PtCL]* and trans-[(CH;NH,),PtCL|*! were syn-
thesized from K,PtCl, (Hereaus, Hanau (Germany)) according to the
literature. 9-Ethylguanine was purchased from Chemogen, Konstanz
(Germany). 1-Methylthymine,*l 1-methyluracil,*! 9-ethyladenine,**!
9-methyladenine,”) and 1-methylcytosine*s! were prepared as described.
Compounds 1b-d have been synthesized in analogy to 1a, as described in
reference [11]. The synthesis of 2b has already been described!'? and 2a
was prepared analogously. The preparation of 5 is likewise reported in
reference [17a] All other chemicals used (either puriss or pro analysi) were
from Merck GmbH, Darmstadt (Germany), Fluka AG, Buchs (Switzer-
land) or Aldrich-Chemical Co. Ltd., Gillingham-Dorset (UK).
trans,trans-[ (NH,),Pt(1-MeT-N3)(u-9-MeA-N7,N1)Pt(NH,CHs),
(DMSO)]** (3a) and ftrans,trans-[(NH;),Pt(1-MeU-N3)(u-9-EtA-
NT,N1)Pt(NH,CH,),(DMSO)** (3b): Complex 2a or 2b, respectively
(11 mg, 10.5 pmol; 16 mg, 15.9 umol) were dissolved in [Dg]DMSO
(400 pL), and "Pt NMR spectra were recorded immediately. Additional
spectra were taken after 30, 40, 60, 70, 80, 100, 120 min, and one more after
12 h when the substitution reaction of the chloro ligand by a solvent
molecule was completed. Compounds 3a and 3b were not isolated.

3a: 'H NMR (200 MHz, [D¢]DMSO): 6 =9.7 (s; H,N6a), 8.620 (s; H8a),
8.319 (s; H2a), 7.326/7.319 (s, rotamers; H6"), 4.9 (m; H,N20, H,N21), 3.930
(s; HsN10, H3N11), 3.842 (s; H;C9a), 3.228 (s; H;C1'), 2.334 (t, 3/ =6 Hz;
H,C20, H;C21), 1.765/1.760 (s, rotamers; H;C51'); *Pt NMR (42.998 MHz,
[D¢]DMSO): 6 = —2470, —3169.

3b: '"H NMR (200 MHz, [Ds]DMSO): 6 = 9.9 (s; H,N6a), 8.680 (s; H8a),
8.315 (s; H2a), 7.410 (d, °J =6 Hz; H6'), 5.408 (d, 3/ =6 Hz; H5'), 4.9 (m;
H,N20, H,N21), 4.298 (q, *J =7 Hz; H,C91a), 3.9 (s; H;N10, H;N11), 3.266
(s; H;C1'), 2.364 (t, 3] = 6 Hz; H;C20, H;C21), 1.469 (t, 3] =7 Hz; H;C92a);
1Pt NMR (42.998 MHz, [D¢]DMSO): 6 = — 2465, —3173.

trans,trans-[ (NH;),Pt(1-MeT-N3) (u-9-MeA-N7,N1)Pt(NH,CH5,),(9-
EtGH-N7)](C10,); (4a): Compound 2a (400 mg, 383 umol) and AgNO;
(62 mg, 0.95 equiv) were stirred at 40°C in the dark overnight in H,O
(50 mL). After removal of AgCl, 9-EtGH (83 mg, 1.2 equiv) was added, the
solution adjusted to pH 4.0 (HNOs;) and stirred at 40°C for two days. The
solution was readjusted to pH 7 (NaOH) and slowly concentrated at room
temperature under a steady flux of N, during which excess of 9-EtGH was
removed by filtration. The residue remaining after evaporation was
recrystallized from water to give 4a (187 mg; 39 % yield).

4a: '"H NMR (200 MHz, D,0): 6 =9.020 (s; H2a), 8.850 (s; H8a), 8.556 (s;
H8g), 7.385 (s; H6'), 4.244 (q, J =7 Hz; H,C91g), 4.005 (s; H;C9a), 3.465/
3.953 (s, rotamers; H;Cl’), 2.123 (s; H;C20, H;C21), 1.961/1.895 (s,
rotamers; H;C51'), 1.510 (t, ¥%(HH)=7Hz; H;C92g); 'H NMR
(200 MHz, [D¢]DMSO): 6 =11.9 (s, H1lg), 10.30/10.07 (H,N6a), 8.887 (s;
H8a), 8.825 (s; H2a), 8.410 (s; H8g), 7.4 (H,N2g), 7.391 (s; H6'), 5.0 (m;
H,N20, H,N21), 4.126 (q, 3/ =7 Hz; H,C91g), 3.97-4.08 (H5N10, H5N11,
H;C9a, H3C1"), 3.348 (s; H;C1'), 1.446 (t, 3/ =7 Hz; H;C92g); Pt NMR
(42.998 MHz, D,0): 6 = —2500, —2621; FT-IR (KBr): 7 =3291, 3147, 1686,
1635, 1592, 1561, 1440, 1367, 1230, 1090, 781, 719, 684, 625, 463, 280 cm™;
elemental analysis caled (%) for C,;H3N,cO,5CL;Pt, (1252.16): C 20.14; H
3.14;N 17.90; found: C20.2; H 3.2; N 18.1 (anhydrous complex). According
to X-ray analysis, 5.2 water molecules are present in freshly prepared
crystals of 4a.

Determination of acidity constants: The pK, values of complexes 1c, 4a,
and 4b were determined using pH-dependent 'H NMR spectroscopic
measurements in D,0 (20°C; /=0.1 M, NaNO;). Changes in chemical shifts
of all non-exchangeable protons in the complexes due to the change in pD
were evaluated with a nonlinear least-squares fit after Newton — Gauss.? 2
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The obtained acidity constants were then transformed to the values valid
for water according to the literature.*"!

Determination of stability constants: Determination of the association
constant Ky, of the dimerization of the two hemideprotonated triplets of 4b
to give 5 was performed by using concentration-dependent chemical shift
measurements in [Ds]DMSO in analogy to the procedure described in the
literature.!'"!

Crystal structure analysis: Intensity data of 1b was collected on a Siemens
P4 four-circle diffractometer with graphite-monochromated Moy, radia-
tion (A =0.71069 A) using the w scan technique with variable scan speed
(3-15°min~"). Three standard reflections measured every 100 data points
showed no systematic variation in intensity. The data have been corrected
for absorption, Lorentz, and polarization effects using the data reduction
program XDISK.*! An empirical absorption correction was carried out
using azimuth () scans. For the data collection of 1¢, 1d, 2a, 4a, and 5, an
Enraf — Nonius KappaCCDF (Moy,, A=0.71069 A, graphite-monochro-
mator) was used. Sample-to-detector distances were 26.7 (2a), 28.7 (1c¢),
30.2 (4a), 30.7 (1d), and 32.2 (5), respectively. The whole sphere of
reciprocal space was covered by measurement of 360 frames rotating about
o in steps of 1°. The exposure times were 10 (2a), 60 (1d, 4a), 75 (1¢), and
100s (5) per frame. Preliminary orientation matrices and unit cell
parameters were obtained from the peaks of the first ten frames,
respectively, and refined by using the whole data set. Frames were
integrated and corrected for Lorentz and polarization effects using
DENZO.PY The scaling as well as the global refinement of crystal
parameters were performed by SCALEPACK.! Reflections, which were
partly measured on previous and following frames, are used to scale these
frames on each other. Merging of redundant reflections in part eliminates
absorption effects and also considers crystal decay if present.

The structures were solved by standard Patterson methods®? and refined
by full-matrix least-squares based on F? using the SHELXTL-PLUSI*I and
SHELXL-93 programs.¥l The scattering factors for the atoms were those
given in the SHELXTL-PLUS program. Transmission factors were
calculated with SHELXL-97.° Hydrogen atoms were included in calcu-
lated positions and refined with isotropic displacement parameters
according to the riding model, except for H8 in 1b, which could be
localized with difference-Fourier synthesis. Displacement factors for the
protons in structures 1¢ (except the methyl and ammine protons) and 5
were assigned according to U(H) = 1.3 U(Cyondea/Noonaea) in order to save
parameters because of the poor observed reflection to parameter ratios.
For the same reason a part of the ring atoms in 1¢ and 1d as well as all non-
hydrogens atoms except for the two Pt atoms in 5 were only refined
isotropically.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-150799
(1b), CCDC-150800 (1c¢), CCDC-150801 (1d), CCDC-150802 (2a),
CCDC-150803 (4a), and CCDC-150804 (5). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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